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Abstract
Using a fast multi-window NMR technique, we have measured in-situ the mean jump width x of mobile dislocations during
plastic deformation in a series of NaCl single crystals with varying Caþþ content. Aside from immobile forest dislocations, the
Caþþ impurities form additional obstacles for the moving dislocations thus lowering x: We found that the Caþþ-related
obstacles exhibit a pronounced non-random distribution which results in a corresponding broad distribution of x: We show that
the data can be evaluated by means of an appropriate distribution function gð1=xÞ with an uncommon dependence of the
observed fitting parameters on the Caþþ content. As expected, quenching of a sample leads to a more uniform distribution of
the Caþþ-related obstacles resulting in a corresponding narrowing of gð1=xÞ:
q 2003 Elsevier Ltd. All rights reserved.
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1. Introduction
The plastic deformation of fcc structured crystalline
materials is controlled by a jerky motion of dislocations
where immobile lattice defects such as forest dislocations,
impurity atoms, or grain boundaries act as obstacles for the
moving dislocations. The applied strain rate _1 is linked to
the mean velocity kvl ¼ x=t of the mobile dislocations with
density rm by the Orowan equation [1]
_1 ¼ B·rm·x=t ð1Þ
where B is of the order of the magnitude b of the Burgers
vector, x denotes the mean jump width of the mobile
dislocations waiting a time t at an obstacle between two
successive jumps.
The dislocation movements cause fluctuating electric
field gradients (EFGs) which give rise to a quadrupolar
nuclear spin relaxation (NSR) process of suitable probe
nuclei with nuclear spin I . 1=2 in the sample. The related




1 þ v2t2 ð2Þ
where v is the effective Larmor frequency and kv2Ql denotes
the mean-squared quadrupole interaction due to the
fluctuating EFGs of the moving dislocations at the site of
the probe nuclei, i.e. kv2Ql ¼ rm·v2Q with v2Q being the
mean-squared quadrupole interaction caused by a dislo-
cation of unit length [3].
Applying appropriate low deformation rates _1 and
Larmor frequencies v one can easily fulfill the condition
vt . 1: Then, combining Eqs. (1) and (2) the dislocation-












· _1 ¼ C· 1
x
· _1 ð3Þ
One has to note here, that the exact calculation leads to the
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same relation (3), except for a slightly modified prefactor C
and a jump width dependence gQðxÞ=x instead of 1=x with
gQðxÞ ¼ 0 for x ¼ 0 and gQðxÞ ¼ 1 for x $ 103·b [3]. Eq. (3)
shows that a large NSR rate is expected for low effectice
Larmor frequencies, i.e. one has to perform the NSR
experiment in the rotating frame where v is in the kHz
range. Moreover, in order to observe the details of the
dislocation dynamics during the short deformation time Dt
(here about 100 ms) one has to detect the total time
evolution of the nuclear magnetization MrðtÞ during Dt: We
have developed a fast multi-window pulse sequence which
measures the complete magnetization decay in the rotating
frame, MrðtÞ; in a single shot [4]. The sequence is triggered
by the electronic control of the servo-hydraulic deformation
device. Details of the setup are described elsewhere [5].
We have successfully applied the technique to study in-
situ (i.e. during the deformation process) the dynamics of
moving dislocations in ionic materials as well as in metals
and dilute metallic alloys [6,7].
2. Experimental aspects and results
The experiments were performed on a series of NaCl
single crystals of size 6 £ 6 £ 11 mm3 with varying Caþþ
content (‘ultrapure’ (,0.1 ppm Caþþ and Mgþþ ), 4, 6.3,
10, 24 ppm) supplied by Dr Korth company, Kiel, Germany.
The samples were plastically compressed along k100l
slightly above room temperature (actual temperatures are
given in the respective figures) at a constant strain rate _1:
The total deformation was within deformation stage I which
is characterized by single slip of dislocations along k110l on
primary (110) slip planes. During the deformation process
the time evolution MrðtÞ of the 23Na nuclear magnetization
in the rotating frame was measured by means of the multi-
window pulse sequence technique discussed in Section 1.
The NMR experiments were performed in a cryomagnet
with a magnetic field of 3.67 T while the effective locking
field in the rotating frame was 0.27 mT corresponding to an
effective Larmor frequency v of the 23Na probe nuclei of
2 £ 104 s21 in Eq. (3). For this, one has to consider also the
contribution of the local field of the 23Na spin ensemble [8].
Fig. 1 shows the normalized time evolution MrðtÞ=Mrð0Þ
observed in ultrapure NaCl without ð _1 ¼ 0Þ and during
deformation ð _1 ¼ 0:44 s21Þ: The magnetization decay obeys
an exponential law MrðtÞ=Mrð0Þ ¼ expð2t=T1Þ which points
to a spatially homogeneous relaxation process with a
uniform spin temperature. Moreover, the data demonstrate
clearly the strong effect of the moving dislocations on the
NSR rate 1=T1 rising from the background rate 1=T1ð _1 ¼
0Þ ¼ 0:11 s21 to 1=T1 ¼ 1=T1lD þ 1=T1ð _1 ¼ 0Þ ¼ 17 s21 at
_1 ¼ 0:44 s21; i.e. 1=T1lD ø 1=T1 under the applied exper-
imental conditions. By use of the data published in [9] one
obtains a value of 127 mm for the coefficient C in Eq. (3) for
23Na in NaCl under the applied experimental conditions. In
units of the Burgers vector b ¼ 3:98 A for NaCl the mean
jump distance x=b can be calculated as x=b ¼ 3:2 £
105· _1·T1D ¼ 8:3 £ 103 in accord with other investigations
[9].
Supposing that immobile forest dislocations build the
major obstacles for the moving dislocations in ultrapure
NaCl the related density rForest ø 1=x2 is about 10
7 cm2
which is a typical number for pure alkali halides. However,
as depicted in Fig. 2, in contrast to ultrapure NaCl the
magnetization MrðtÞ in Caþþ-doped NaCl decays plainly
non-exponentially under deformation. This is caused by a
spatially inhomogeneous distribution of the Caþþ ions
affecting the configuration of the forest dislocations. The
Caþþ ions influence only indirectly the dislocation
dynamics: The cross slip of screw dislocations is empeded
by the interaction with Caþþ . With a reduced cross-slip less
stable edge dislocation dipoles can be generated and as a
consequence more separate slip bands have to be activated
with increasing impurity content. Hence, the number of
boundaries where the slip bands meet will increase. Optical
measurements with polarized light on the deformed samples
support the findings. The micrographs exhibit clearly the
formation of separate slip bands in the Caþþ doped samples
in contrast to analogous measurements in ultrapure NaCl.
For instance, the separation of the slip bands in NaCl:
10 ppm Caþþ deformed to 2.6% was found to be about
0.2 mm.
As expected, a quenching procedure of the sample
results in a more uniform distribution of the Caþþ related
obstacles leading to a corresponding decrease of the
curvature of the decay MrðtÞ: This is demonstrated in Fig.
3, exhibiting the decays MrðtÞ in NaCl: 10 ppm Caþþ ‘as
grown’ and after a quenching treatment (16 h at 500 8C,
quenching to room temperature with about 20 8C/min)
during deformation. Moreover, a slight enhancement of the
deformation temperature does not change the curvature of
MrðtÞ: This is shown in Fig. 4 where the decays MrðtÞ are
Fig. 1. Single-shot measurement of the 23Na nuclear magnetization
decay in the rotating frame, MrðtÞ; in ultrapure single-crystalline
NaCl without ð _1 ¼ 0Þ and during deformation ð _1 ¼ 0:44 s21Þ:
Deformation was along k100l at T ¼ 365 K: The data were taken by
a fast multi-window T1r sequence.
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depicted for NaCl: 24 ppm Caþþ observed at 365 and
450 K without ð _1 ¼ 0Þ and during ð _1 ¼ 0:44 s21Þ defor-
mation. Of course, the background NSR rate 1=T1ð _1 ¼ 0Þ
increases with rising temperature according to 1=T1ð _1 ¼
0Þ / T2 due to phonon-assisted quadrupole fluctuations [2].
The shape of the decays under deformation, however,
remains unchanged indicating that the non-uniform distri-
bution of the Caþþ -related obstacles is unaffected by a
slight increase of the deformation temperature.
3. Evaluation and discussion
As discussed in the last section the total magnetization
MrðtÞ in Caþþ-doped NaCl relaxes heterogeneously, i.e.
MrðtÞ can be expressed as a superposition of exponential
decays with a site-dependent relaxation rate nðxÞ ¼ A=x
where A ¼ C· _1 (see Eq. (3)). Here, x denotes the local jump
width of the moving dislocations which is controlled by the
local density of the Caþþ -related obstacles. The total




gðnÞ e2nt dn ð4Þ
where gðnÞ is the distribution function of the local relaxation
rate n which is proportional to the inverse of the local jump
width x:
In order to obtain a simple analytical relation of MrðtÞ we
suppose a box-like distribution for gðnÞ; i.e.
gðnÞ ¼




where x1 and x2 denote the upper and lower limit,
respectively, of the mean jump width x: The normalization
condition
Ð1
0 gðnÞdn ¼ 1 yields a ¼ 1=ðn2 2 n1Þ for the
parameter a in Eq. (5). Inserting Eq. (5) into Eq. (4) and




ðn2 2 n1Þt ½e
2n1t 2 e2n2t ð6Þ




MrðtÞ ¼ Mrð0Þ; lim
n2!n1;n
MrðtÞ ¼ Mrð0Þe2nt:
Fig. 2. Single-shot decays MrðtÞ of 23Na observed during
deformation ð _1 ¼ 0:44 s21Þ in single-crystalline NaCl with different
content of Caþþ . Solid curves are fits to the data by Eq. (8).
Fig. 3. Single-shot decays MrðtÞ of 23Na in NaCl:10 ppm Caþþ ‘as
grown’ and after quenching, respectively, measured at _1 ¼ 0:44 
s21: Solid curves are fits to the data by Eq. (8).
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The second relation describes the expected mono-exponen-
tial decay of a uniform distribution of the mean jump width.
Furthermore, the center of gravity knl ¼ Ð10 ngðnÞ dn of the
distribution function gðnÞ is given by knl ¼ 1=2ðn1 þ n2Þ:
Finally, it should be remarked that the distribution











i.e. the constant distribution of gðnÞ between n1 and n2 Eq.
(5) corresponds to a 1=x2-dependence of gðxÞ between x2 and
x1:
The solid curves in Figs. 2 and 3 are fits to the data by use




ðn2 2 n1Þt ½e
2n1t 2 e2n2t þ C ð8Þ
The corresponding best-fit parameters including the related
centers of gravity knl are listed in Table 1.
Obviously, the fitting procedure works well except for
the deviations occuring at short times, i.e. at the onset of the
deformation. The kind of deviation between the data and the
fitting curves indicates that the servohydraulic deformation
device does not start stepwise but gradually at t ¼ 0; i.e. the
deformation rate _1 rises in a short time of about 40 ms from
zero to the final value _1 ¼ 0:44 s21: Concerning the
distribution function gðnÞ (Eq. (5)) one should remark that
other appropriate functions applied to Eq. (4) would
probably fit the data, too. The width of the respective
function, however, characterized by the lower and upper
limits n1 and n2 (see Table 1) should be similar to that of the
present function. Using again C ¼ 127 mm for the coeffi-
cient in Eq. (3) the limits n1 and n2 can easily be rewritten to
the corresponding limits 1=x1 and 1=x2 by 1=x ¼ n=ðC· _1Þ: Fig.
5 repesents these limits in units of the Burgers vector b as a
function of the amount of Caþþ ions. The figure exhibits the
following features:
The distribution gðnÞ turns out to be not symmetric with
respect to the value b=x ¼ 1:2 £ 1024 of ultrapure NaCl but
is shifted to larger values of b=x; i.e. to shorter mean jump
distances. Surprisingly, the magnitude of the shift which is
proportional to knl listed in Table 1 varies only very weakly
with rising Caþþ concentration. The findings are in sharp
contradiction to the Friedel–Fleischer relation b=x ¼ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
CðCaþþÞp which is based on the assumption of an
equidistant distribution of Caþþ -vacancy dipoles in the
Fig. 4. Single-shot decays of 23Na in NaCl: 24 ppm Caþþ observed
at _1 ¼ 0 and _1 ¼ 0:44 s21 for two different temperatures (365 and
450 K, respectively).
Table 1
Summary of the parameters used for data fitting by Eq. (8) (solid









0 17.0 17.0 0 17
4 10.0 60.0 0.015 35
6.3 6.0 60.0 0.035 33
10 8.0 58.5 0.039 33.25
24 8.6 40.2 0.015 24.4
10 (quenched) 15.0 40.0 0 27.5
Fig. 5. Upper ðb=x2Þ and lower ðb=x1Þ limit of the distribution of the
mean jump distance vs. Caþþ concentration as calculated from the
corresponding values n1 and n2 listed in Table 1. Quenching leads to
closer values for b=x1 and b=x2; i.e. to a more uniform distribution of
the mean jump width x in the sample.
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activated slip planes acting as obstacles for the mobile
dislocations [10,11]. Depending on the respective Caþþ
content the Friedel–Fleischer relation leads roughly to
b=x < 3 £ 1023 which is about a factor of 20 larger than
kb=xl < 1:5 £ 1024 obtained from the values of knl in Table
1. Hence, we propose that a remarkable fraction of the
Caþþ ions form aggregates (dimers, trimers, etc.) which
limits, however, the mean jump distance x only indirectly by
variation of the dislocation configuration. The dislocation
motion will take place more inhomogeneously in separate
slip bands which becomes more closely spaced at increasing
Caþþ concentration. As noted in Section 2 the formation of
such separate slip bands is confirmed by optical measure-
ments using polarized light. Moreover, the observed very
small variation of knl on the amount of Caþþ indicates that
for a major part the dependence of the mean jump distance x
on the impurity content is not directly caused by a change in
mean distance between the impurities itself.
The width of the distribution gðnÞ decreases slightly with
rising Caþþ concentration, i.e. the resulting dislocation
configuration becomes more uniform at elevated Caþþ
content. This demonstrates again the indirect and complex
effect of the impurity ions on the arrangement of the forest
dislocations and the resulting dislocation dynamics.
As discussed in context with Fig. 3, a quenching
procedure results in a distinct reduction of the width of
the distribution gðnÞ pointing to a nearly uniform distri-
bution of the Caþþ -related obstacles. In particular, as
shown in Table 1 the lower limit n1 ¼ A=x1 of the
distribution approaches the value n of the ultrapure sample.
It is interesting to note that in spite of the finite width of gðnÞ
for the quenched sample the corresponding magnetization
MrðtÞ seems to decay mono-exponentially (solid curve in
Fig. 3). However, small deviations from an exponential law
become apparent only by an expansion of the measurements
of MrðtÞ to sufficient large times.
Finally, we would like to remark that the present results
summarized in Fig. 5 differ somewhat from those observed
in earlier Caþþ doped NaCl [12]. However, in the first study
both the Caþþ content and the applied temperature were
considerably larger (7–690 ppm, and 150–300 8C, respect-
ively) than those in the present study. At the elevated
temperatures the Caþþ related defects start to perform
localized motions. Moreover, the early results were obtained
from a ‘classical’ T1r-experiment, i.e. from just one data
point of the magnetization decay MrðtÞ; whereas in the
present study the multi-window sequence measures the
complete time evolution MrðtÞ including deviations from an
exponential law. The improvement of the experimental
method reduces distinctly uncertainties in the determination
of the jump width x:
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